Abstract. The overexpression of fibroblast growth factor receptor (FGFR) 2 is an established prognostic factor and treatment target in gastric cancer. However, the roles of other FGFRs have not been fully elucidated. In this study, we investigated the correlations of the expression of FGFR1-4 with clinicopathological characteristics and outcomes in gastric cancer. Tumor samples were obtained from 222 patients with gastric adenocarcinoma who underwent gastrectomy between 2003 and 2007. The expression of each FGFR was measured in the tumors by immunohistochemical analysis. The overexpression of FGFR1, FGFR2 or FGFR4 was found to be significantly associated with tumor progression, including depth of invasion, lymph node metastasis, pathological stage and distant metastasis or recurrent disease. Patients exhibiting overexpression of FGFR1, FGFR2 or FGFR4 had a significantly poorer disease-specific survival (DSS; P<0.001, P=0.008 and P<0.001, respectively). Moreover, the co-overexpression of all three FGFRs was significantly associated with a poorer DSS compared to the expression of none or only one of the FGFRs (P<0.001 and P=0.001, respectively) and it was found to be an independent prognostic factor (HR=1.71, 95% CI: 1.02-2.85, P=0.041). In conclusion, high expression of FGFR1, FGFR2 or FGFR4 was associated with tumor progression and poor survival in patients with gastric cancer. Similar to FGFR2, FGFR1 and FGFR4 may be considered as prognostic factors and treatment targets in gastric cancer.
Introduction
Gastric cancer is the second leading cause of cancer-related mortality worldwide, accounting for ~1 in 10 of all deaths from cancer (1) . The outcome of gastric cancer is generally poor, with a 5-year relative survival of <30% in most countries (2) . Although radical surgery remains the cornerstone of treatment for gastric cancer, surgery alone appears to have reached its limits in terms of local control and survival. The achievement of locoregional control remains difficult in the presence of advanced disease (3) . The majority of patients with advanced gastric cancer receive palliative chemotherapy, which is associated with a median survival of 11-12 months (4). In addition to standard cytotoxic regimens, targeted therapies, using small molecules or antibodies designed to disrupt the activity of specific oncogenic signaling pathways, have recently emerged as a promising treatment strategy. A number of receptor tyrosine kinases (RTKs) have been associated with tumor progression and patient outcomes in various types of cancer. RTK inhibitors, such as human epidermal growth factor receptor (HER), have been evaluated and some have been used to treat gastrointestinal cancers. In a recent ToGA trial (5), trastuzumab, a monoclonal antibody against the p185HER2 protein, improved the overall survival of patients with HER2-positive tumors when combined with chemotherapy. However, only 7-17% of gastric cancer patients have HER2-positive tumors and are considered as suitable candidates for anti-HER2 therapy (6, 7) . Further investigations are required to increase the number of patients with gastric cancer for whom targeted treatments may be a viable clinical option.
The fibroblast growth factor receptor (FGFR) family (FGFR1-4) belongs to the receptor tyrosine kinase superfamily. FGFRs regulate fundamental developmental pathways by interacting with fibroblast growth factors (FGFs) and thereby control a wide range of events, extending from mesoderm patterning in the early embryo to the development of multiple organ systems (8, 9) . FGF signaling participates in several biological functions in the adult organism, including regulation of angiogenesis and wound repair. FGFRs are expressed on a number of different cell types and regulate key cell activities, such as proliferation, survival, migration and differentiation, which renders FGF signaling susceptible to subversion by cancer cells (10) .
FGFR2 amplifications have been reported in 10% of gastric cancers, the majority of which are of the diffuse type (11) . FGFR2 amplification may correlate with poor outcomes in patients with diffuse-type gastric cancer (12) . Moreover, the presence of FGFR2 gene amplification in gastric cancer is associated with sensitivity to inhibition of FGFR signaling by tyrosine kinase inhibitors and monoclonal antibodies in preclinical models (13, 14) . Thus, FGFR2 has attracted considerable attention as a novel therapeutic candidate for the development of targeted anticancer agents (15) .
In contrast to FGFR2, the roles of FGFR1, FGFR3 and FGFR4 have not been fully elucidated. Overexpression of these FGFRs in gastric cancer was reported by a few small studies (16) (17) (18) (19) . In this study, we aimed to investigate the correlations of FGFR1-4 immunohistochemical expression with clinicopathological characteristics and outcomes in gastric cancer.
Patients and methods
Patients. Our study group comprised 222 patients with primary gastric adenocarcinoma who underwent surgical resection between January, 2003 and December, 2007 in the Department of Esophagogastric Surgery, Tokyo Medical and Dental University. Each tumor was classified according to the tumor-node-metastasis staging system recommended by the International Union Against Cancer. Of the 222 patients, 168 were men and 54 were women. The mean age of the patients was 64.6 years (range, 21-92 years). All the patients were evaluated for recurrent disease by tumor marker analysis or diagnostic imaging (computed tomography, ultrasonography, magnetic resonance imaging and endoscopy) every 3-6 months. Patients with distant metastasis or recurrent disease received chemotherapy with S-1 alone or combined chemotherapy. A total of 20 patients (9%) received adjuvant chemotherapy with S-1 following radical resection. All the patients were followed up until July, 2012. The median follow-up was 60 months (range, 3-111 months). A total of 77 patients (35%) succumbed to gastric cancer, 66 (30%) had recurrent disease and 11 (5%) died from other causes.
Immunostaining of the FGFR family.
Immunohistochemical analysis was performed with the use of secondary antibodies conjugated to a peroxidase-labeled polymer [Histofine Simple Stain MAX PO (Multi); Nichirei Co., Tokyo, Japan]. Polyclonal rabbit antibodies against FGFR1, FGFR2, FGFR3 and FGFR4 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All the available hematoxylin and eosin-stained slides of the surgical specimens were reviewed. For each case, representative formalin-fixed, paraffin-embedded tissue blocks were selected for immunohistochemical studies and sliced into 4-µm sections. Following deparaffinization and rehydration, antigen retrieval was performed at 98˚C for 30 min, using a pH 6.0, 10 mmol/l sodium citrate buffer (Mitsubishi Chemical Medience Corporation, Tokyo, Japan) in a microwave processor (MI-77; Azumaya, Tokyo, Japan). Endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol. Subsequently, non-specific binding was blocked by treating the slides with 10% normal goat serum for 10 min at room temperature. The slides were incubated with the primary antibodies, including anti-FGFR1 (dilution, 1:100), anti-FGFR2 (dilution, 1:300), anti-FGFR3 (dilution, 1:500) and anti-FGFR4 (dilution, 1:100) in 1% bovine serum albumin̸phosphate-buffered saline overnight at 4˚C. The sections were then incubated with Simple Stain Max PO (Multi) for 30 min at room temperature. The chromogen substrate was 3,3'-diaminobenzidine tetrahydrochloride solution (Histofine Simple Stain DAB solution; Nichirei Co.). Subsequently, the sections were counterstained with Mayer's hematoxylin (Wako, Tokyo, Japan). Negative controls were treated similarly, except for the antibodies being replaced by normal rabbit IgG (Santa Cruz Biotechnology, Inc.).
Interpretation of immunostaining results. The staining intensity was scored into four grades as follows: 0, no staining; 1, weakly positive; 2, moderately positive; and 3, strongly positive. The staining extent (positive frequency) was also scored into four grades according to the percentage of stained tumor cells as follows: 0, complete absence of staining; 1, ≤20%; 2, >20 to ≤50%; and 3, >50% stained cells. Composite scores were derived by addition of the intensity score and the staining extent score. For the statistical analysis, composite scores of ≥4 were defined as high expression and scores of <4 as low expression. Two investigators (Hideaki Murase and Yoko Takagi), who were blinded to the patients' outcomes separately counted the stained cancer cells. Any disagreements between the two investigators were resolved by reassessment and consensus.
Statistical analysis. The statistical analysis was performed using IBM SPSS Statistics 20 software (IBM, Inc., Armonk, NY, USA). The χ 2 test was used to investigate the possible associations between the expression of each FGFR receptor and clinicopathological variables. The χ 2 test was also used to assess the correlations between FGFR expressions. The Mann-Whitney U test was used to analyze the associations between FGFR expression and patient age. Kaplan-Meier curves were plotted to assess the effects of FGFR expression on disease-specific survival (DSS) and different DSS curves were compared using the log-rank test. Multivariate proportional Cox models were used to assess the prognostic significance of FGFR and of factors associated with DSS. P<0.05 was considered to indicate a statistically significant difference.
Results

Immunohistochemical analysis of the FGFR family.
Expression of FGFR1, FGFR2, FGFR3 and FGFR4 was mainly observed in the cytoplasm of cancer cells ( Fig. 1 ) and fibroblasts in cancer tissue. Weak expression was observed in certain regions of the normal epithelium in proximity to the cancer cells. Among the 222 tumors investigated, the number of tumors exhibiting high FGFR expression were 66 (30%) for FGFR1, 114 (51%) for FGFR2, 142 (64%) for FGFR3 and 175 (79%) for FGFR4. High expression of FGFR1, FGFR2, FGFR3 or FGFR4 was significantly correlated with high expression of each of the other three proteins (Table I) .
Association with clinicopathological variables. The clinicopathological variables are summarized in Table II . A high expression of FGFR1, FGFR2 and FGFR4 was significantly associated with the depth of tumor invasion (T3-T4 vs. T1-T2: P<0.001, P=0.011 and P<0.001, respectively), lymph node metastasis (P=0.002, P=0.011 and P<0.001, respectively), and tumor stage (III-IV vs. I-II: P=0.001, P=0.012 and P<0.001, respectively). Distant metastasis or recurrence was found in a significantly higher proportion of patients with high expression of FGFR1, FGFR2 and FGFR4 compared to those with low expression of these proteins (P<0.001, P=0.004 and P<0.001, respectively). As the high expression of FGFR1, FGFR2 and FGFR4 was significantly associated with lymph node metastasis, we immunohistochemically evaluated the expression of these proteins in lymph node metastases from 88 patients and compared it to their expression in the primary tumor. A high expression of FGFR1, FGFR2 and FGFR4 was found in 61 (69%), 44 (50%), and 67 (76%) patients, respectively. However, only FGFR4 exhibited a significant association between its expression in the primary tumor and that in metastatic lymph nodes (P=0.017) (Table III) .
Association with DSS. High expression of FGFR1, FGFR2
and FGFR4 in the primary tumor was significantly associated with poorer DSS on the univariate analysis (P<0.001, P=0.008 and P<0.001, respectively) (Fig. 2) . The 5-year DSS in patients with high expression of FGFR1, FGFR2 and FGFR4 was 57, 63 and 66%, respectively, compared to 77, 79 and 91%, respectively, in patients with low expression of these proteins (Table IV) . On the multivariate analysis, the depth of tumor invasion and lymph node involvement were independent prognostic factors [hazard ratio (HR)=6.80, 95% confidence interval (CI): 2.63-15.6, P<0.001; and HR=4.48, 95% CI: 1.90-10.5, P= 0.001, respectively], unlike Co-overexpression of FGFR1, FGFR2 and FGFR4. The co-overexpression of FGFR1, FGFR2 and FGFR4 in the primary tumors was found to be significantly associated with a poorer DSS compared to the expression of none or only one of these proteins (P<0.001 and P=0.001). The 5-year DSS was 55, 65, 78 and 92% in patients exhibiting high expression of all three, two, one and none of these FGFRs, respectively (Fig. 3) . Although tumor stage was the most significant prognostic factor (HR=22.3, 95% CI: 10.1-49.6, P<0.001), the co-overexpression of these three FGFRs was also identified as an independent prognostic factor (HR=1.71, 95% CI: 1.02-2.85, P=0.041) ( Table V) .
Discussion
Our results suggested that high expression of FGFR1, FGFR2 or FGFR4 may be crucial in tumor progression, metastasis and outcomes in gastric cancer patients. Moreover, the co-overexpression of FGFR1, FGFR2 and FGFR4 was found to be an independent prognostic factor in gastric cancer. FGFR-dependent signaling occurs through two main pathways: via the intracellular receptor substrates FGFR substrate 2 (FRS2) and phospholipase Cg (PLCg), ultimately upregulating the Ras-dependent mitogen-activated protein kinase, and the Ras-independent phosphoinositide 3-kinase-Akt signaling pathways (15) . Other pathways may also be activated by FGFRs, including STAT-dependent signaling (20) . Although all four FGFRs generally signal through a similar network of pathways, a number of qualitative and quantitative differences have been identified and FGFR-specific differences in signaling pathways associated with genetic alterations of each FGFR have been confirmed in different types of cancer (21) (22) (23) (24) . FGFR1 amplification was previously identified in breast (25) , ovarian (26) , bladder (27) and lung cancer (28) . In gastric cancer, a previous study reported the presence of FGFR1 amplifications in 12 (50%) of the 24 cases and FGFR1 protein was overexpressed in 37 (61%) of the 61 specimens on immunohistochemical analysis using a monoclonal antibody that differed from the one used in the present study. However, that study reported no significant correlation between FGFR1 expression and clinicopathological characteristics (17) . To the best of our knowledge, the present study is the first to demonstrate that the high expression of FGFR1 is associated with poor survival in gastric cancer. The overexpression of FGFR1 was also found to be correlated with liver metastasis in colorectal cancer (29) , whereas the amplification and overexpression of FGFR1 may contribute to poor outcomes in luminal-type breast cancer by driving anchorage-independent proliferation and resistance to endocrine therapy (25) . The co-overexpression of FGF1 and FGFR1 has also been associated with poor outcomes in esophageal squamous cell carcinoma (30); however, we did not assess FGF expression in this study. Table III . Correlations of FGFR1, FGFR2, FGFR3 and FGFR4 expression between primary tumors and metastatic lymph nodes. The FGFR4 Gly388Arg polymorphism has attracted considerable attention since the discovery of this germline polymorphism by Bange et al (31) . In the human FGFR4 gene, a single-nucleotide polymorphism (SNP) from G to A at codon 388 at exon 9 changes the amino acid sequence of FGFR4 from glycine to arginine (Gly388 to Arg388). FGFR4 Gly388Arg was found to be associated with poor outcomes in breast (32) , ovarian (33), lung (34) and gastric cancer (18) . FGFR4 amplification was also found in pancreatic (35) , renal cell (36) and gastric cancer (19) . Ye et al (19) reported that the high expression of FGFR4 is associated with lymph node metastasis and a trend toward worse survival. Our findings are consistent with the findings of that study.
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Metastatic lymph nodes
FGFR2 amplification was previously reported in gastric (37) and breast cancer (38) , whereas FGFR2 missense mutations have been identified in gastric (39) , lung (40) , ovarian (41) and endometrial cancer (42) , as well as in melanoma (43) . FGFR2 genetic amplification or mutation leads to abnormal activation of the FGFR2 signaling pathway and contributes to carcinogenesis and tumor progression in gastric cancer. Overexpression of FGFR2 protein was detected on immunohistochemical staining in 20 of 38 diffuse-type gastric cancers, but in none of 11 intestinal-type lesions (44) . FGFR2 amplifications were found in 10% of gastric cancers, the majority of which were of the undifferentiated type (11) . Furthermore, FGFR2 amplification may correlate with poor outcomes in undifferentiated gastric cancer (12) . In the present study, a high expression of FGFR2 was observed in undifferentiated as well as in differentiated-type gastric cancer. Although high expression of FGFR2 was not identified as an independent prognostic factor, it was significantly associated Table IV . Prognostic factors in univariate and multivariate Cox proportional-hazards regression models for DSS in the study group as a whole. with poorer survival. Our findings are consistent with the results of previous studies. FGFR3 amplification has been rarely reported in cancer (45, 46) . FGFR3 mutations have been identified in several types of cancer, including cervical cancer (47) , multiple myeloma, prostate cancer (48) and spermatocytic seminomas (49) . Bladder cancer exhibits the most clearly established association with FGFR3 mutations, which are strongly associated with low-grade non-invasive disease (50) . Overexpression of FGFR3 was reportedly associated with low-stage bladder cancers on immunohistochemical analysis (51) . However, overexpression of FGFR3 has also been associated with poor differentiation and high nuclear grade in hepatocellular carcinoma (52) . The overexpression of FGFR3 in invasive breast cancer was not significantly associated with specific clinicopathological characteristics, although it was suggested to be a candidate marker for a poor prognosis (53) . In this study, the expression of FGFR3 was not significantly associated with clinicopathological findings or survival. Shin et al (16) investigated the expression of the FGFRs in gastric cancer tissues and cell lines on northern blot analysis, ribonuclease protection assay and immunohistochemical analysis and reported that the mRNAs of FGFR1, FGFR2 and FGFR4 were upregulated in cancer tissues, whereas FGFR3 mRNA was not. These FGFR mRNAs were coexpressed in various combinations of two or three in the same tissue. The immunohistochemical analysis confirmed specific staining of multiple FGFRs, excluding FGFR3, in cancer specimens. In the present study, a high expression of FGFR3 was detected in addition to that of the other three FGFRs. The discrepancies among studies may be attributed to the differences in disease stage or the techniques used for immunohistochemical analysis.
We also evaluated the expression of FGFR1, FGFR2 and FGFR4 in metastatic lymph nodes. To the best of our knowledge, FGFRs in metastatic sites of gastric cancer had not been previously investigated. The expression of FGFR1 and FGFR2 differed between the primary tumors and lymph node metastases and were significantly correlated with the expression of only FGFR4. The differences in FGFR1 or FGFR2 expression among different tumor sites may represent a challenge regarding chemotherapy against these molecular targets.
FGFR-targeted therapeutics using small-molecule compounds that inhibit binding of FGF to FGFR is an active topic in the field of clinical oncology (54) . Ki23057, a FGFR2 inhibitor, was reported to enhance the chemosensitivity of drug-resistant gastric cancer cells (55) . Inhibition of FGFR2 signaling by AZD4547, a selective inhibitor of FGFR1, FGFR2 and FGFR3, was shown to significantly inhibit tumor growth in a dose-dependent manner in FGFR2-amplified xenografts (56) . AZD4547 is currently being compared to paclitaxel as second-line treatment for patients with gastric cancer whose tumors exhibit FGFR2 gene amplification (NCT01457846, SHINE). Monoclonal antibodies that selectively recognize FGF or FGFR represent additional options for FGFR-targeted cancer therapy. Anti-FGFR2 monoclonal antibodies inhibit the in vivo growth of SNU-16 and OCUM-2M gastric cancer cells with FGFR2 gene amplification (13) . Our results suggested that a selective inhibitor of FGFR1, FGFR2 and FGFR4 or the combined use of anti-FGFR1, -FGFR2 and -FGFR4 monoclonal antibodies may represent an effective FGFR-targeted therapy for gastric cancer.
In conclusion, high expression of FGFR1, FGFR2 or FGFR4 may be associated with tumor progression and poor survival in patients with gastric cancer. Similar to FGFR2, FGFR1 and FGFR4 may represent future prognostic factors and treatment targets in gastric cancer. 
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